ABSTRACT Treatment of gently prepared lysates of Escherichia coli with single-strand-specific endonuclease (SI or from mung beans) results in the release of about 90% of the DNA from membranes, as determined by the M band technique. The released DNA has an average molecular weight of about 1.2 X 108.
Data obtained with endonuclease SI fit a mathematical model in which substrate sites are at or near membrane attachment sites. Data obtained with pancreatic deoxyribonuclease or x-rays fit a model for double-strand breaks at random sites along the DNA. Fitting data to these models, we estimate that there are 18 ± 5 membrane attachment sites.
The DNA remaining after SI nuclease treatment is enriched for the region near the origin of chromosome replication. Therefore, attachment at this region appears to be chemically different from that at the other sites along the DNA.
The chromosome of Escherichla coli appears to be attached to the cytoplasmic membrane at 20-30 sites (1, 2) . The chemical nature of DNA attachment' to membranes is not known; In an attempt to study the chemical properties of this interaction we took as a point of departure the finding that exogenous denatured DNA sticks to membranes under conditions where native DNA does not (2, 3) . This suggested to us a study of the effect of treating cell lysates with the single-strand-specific nucleases. We found that such nucleases from Aspergillus oryzae or mung bean remove DNA from the membrane in a mode that is consistent with action of the enzymes at or near the membraneattachment sites. These results are different from those obtained by random scission along the DNA. DNA near the origin of replication is not released from membranes by treatment with SI nuclease. with heat-denatured calf thymus DNA at 5 Ag/ml. After the addition of 0.01 ml of 5% Sarkosyl (Geigy Chemical Additives Co.) and 0.2-10 units of S1 or mung bean endonuclease, the tubes were gently rolled to mix and incubated at 450 for 10-20 min. Shark liver nuclease treatment was for 30 min at 370, and samples with pancreatic deoxyribonuclease (0.01-0.1 ,ug/ml) were incubated at 00 for 5 min.
MATERIALS AND METHODS

Preparation
Isolation of Membrane-Associated DNA (M Band rified from a-amylase (see below). Mung bean and shark liver endonucleases were kindly provided by R. Wells and E. Goldberg, respectively. Electrophoretically purified pancreatic deoxyribonuclease was obtained from Worthington.
Purification of SI Endonuclease. A modification of the procedure of Vogt (5) was used to purify SI endonuclease from a-amylase (crude, type IV-A from Aspergillus oryzae) obtained from Sigma. Purification steps included heat treatment, two (NH4)2S04 precipitations, dialysis, DEAE-cellulose chromatography, and Sephadex G-100 gel filtration. A2j0 and nuclease activity (using either native or denatured DNA as substrate) were monitored across the column fractions.
Assay of Single-Strand Endonuclease Activity. One or two microliters of each fraction was assayed for solubilization of single-or double-stranded calf thymus DNA by the procedure of Vogt (5) . One unit of nuclease activity is the amount of enzyme that solubilizes 10,ug of nucleic acid in 10 min at 45°.
RESULTS
Single-Strand Nucleases Remove DNA from the Membrane. Incubation of E. coli lysates with the single-strandspecific endonuclease Si from Aspergillus oryzae results in extensive release of DNA from membranes as determined by the M band technique. In controls incubated without nuclease, over 90% of the DNA is found in the M band. The average size of DNA fragments in the treated lysate is quite large, 1.2 X 108 daltons or approximately %o of the chromosome (Fig. 1) . The time course of release of DNA from the membrane is shown in Fig. 2 (Fig. 3 , which shows two of a series of analogous experiments). Similar results are obtained with other single-strand-specific enzymes such as mung bean and shark liver endonucleases. The ability of these enzymes to hydrolyze RNA is apparently not responsible for release of DNA from the membrane because pretreatment with pancreatic ribonuclease has no effect on the amount of DNA in the M band either with or without SI treatment. In a double-label experiment (not shown) it was found that when the proportion of DNA released from the membrane has reached a plateau, the enzyme is fully active against newly added lysate and that when a second plateau is reached, both the original and the newly added DNA approach the same size limit. The incubation conditions do not reduce the activity of Si on single-stranded calf thymus DNA. Release of DNA from the membrane by SI is inhibited strongly by the addition of single-stranded DNA to the lysate but only slightly by the addition of double-stranded DNA (Fig. 4) .
On this basis we conclude that the release action is complete in the plateau region, that the DNA fragments are a limit digest of the chromosome by single-strand-specific nucleases under the conditions employed, and that the remaining membraneassociated DNA is significantly more resistant to single-strand nuclease than the DNA that has been released.
Location of the Sites of Single-Strand Endonuclease Activity. We have compared in greater detail the release of DNA from the membrane by single-strand-and double-strand-specific nucleases. We assume that our measurements of breaks in the DNA result from double-stranded scission of the DNA molecule by the nucleases. We expect that breaks of DNA at the membrane attachment sites would give results different from those expected from random breaks along the chromo- some. The first case, breaks at the attachment points, results in the release of more DNA for a given number of breaks per chromosome than the second case. Similarly, for any given number of attachment sites, DNA released by breaks at these attachment sites will be larger than DNA released by random breaks.
The fact that the size of fragments released is so large and remains constant throughout the time course is consistent with the hypothesis that the enzyme acts at or near the sites of attachment and is itself responsible for releasing the DNA from the membrane.
In constructing mathematical models, we assume that the number of double-strand breaks per in which the number of breaks in a particular chromosome is r. It should be noted that these models assume multiple breaks may occur at an attachment site. Also, if sites were closely bunched together, these would be calculated as much fewer in number.
Fitting Data to the Theoretical Curves. Fig. 5 shows the theoretical lines and data points for pancreatic DNase, Si, mung bean nuclease, and x-ray treatment [the latter from previously published experiments (2) ]. Data points for SI nuclease, although considerably scattered, fit quite well the curve for breaks at attachment sites. The pancreatic DNase clearly fits a model for random breaks, with a somewhat higher estimated number of attachment sites. The x-ray data fit the curve for 19 randomly spaced or 13 equidistant attachment sites. It is not possible to differentiate between the submodels of random breaks, i.e., attachment spaced randomly or at equal distances. However, the kinetics of release by cleavage at attachment sites does not depend on the kind of spacing. Therefore, the SI data provide a better estimate of the number of attachment sites than that obtained using x-rays.
A linear transformation of the Si data is shown in Fig. 6 . The best-fit line (least squares) has a correlation coefficient of -0.92 and extrapolates to 100% at zero breaks, as expected. From the best-fit line the number of attachment sites was estimated as 18 ± 5. Thus, Fig. 5 was drawn assuming N = 18. This reduces the previous range of uncertainty of 6.5 to 33 in the estimated number of sites. For pancreatic DNase the estimated number of attachment points is 26 + 11 (linear transformation not shown). The data for breaks with x-rays give averages of 12 and 19 attachment sites for models of equidistant and random spacing, respectively. Combining the x-ray and SI results, the Methods. *, S1 endonuclease; 0, mung bean nuclease; A, pancreatic deoxyribonuclease; X, best fit line for breaks by x-rays (from figure 4 
CONCLUSIONS
The key point of this work is the finding that the chromosome of E. coli has some twenty sites that are different from the rest of the molecule. These sites are sensitive to scission by singlestrand-specific endonucleases and appear to be located at the place where the DNA is attached to the membrane. Interpretation of these results is complicated by the fact that the nature of the endonuclease-sensitive sites is not well defined (6) (7) (8) (9) and the relevance of the M band technique to the in vivo state of the DNA is not well understood (10). The dnaC thy-mutant PC2 was steady-state labeled with [14Cjthymidine in M9 glucose thymidine medium at 300 to an OD600 of 0.1-0.15. The culture was shifted to 420 for 60 min, by which time DNA synthesis had ceased. [3H]Thymidine was added as the culture was shifted down to 300. After 60 sec, either incorporation was stopped by swirling in dry ice/acetone, or excess unlabeled thymidine was added for a 10-min chase. A 3-ml sample was centrifuged and resuspended in 0.1 ml of M band buffer. Treatment with Si and M band fractionation was described in the text. 3H and "4C cpm were corrected for overlap. Enrichment was calculated as the ratio of 3H cpm to 14C cpm in the M band after Si treatment. The costs of publication of this article were defrayed in part by the payment of page charges from funds made available to support the research which is the subject of the article. This article must therefore be hereby marked "advertisement" in accordance with 18 U. S. C. §1734 solely to indicate this fact.
